The observed multi-GeV gamma-ray emission from the solar disk -sourced by hadronic cosmic rays interacting with gas, and affected by complex magnetic fields -is not understood. Utilizing an improved analysis of the Fermi-LAT data that includes the first resolved imaging of the disk, we find strong evidence that this emission is produced by two separate mechanisms. Between 2010-2017 (the rise to and fall from solar maximum), the gamma-ray emission is dominated by a polar component. Between 2008Between -2009 this component remains present, but the total emission is instead dominated by a new equatorial component with a brighter flux and harder spectrum. Most strikingly, although 6 gamma rays above 100 GeV are observed during the 1.4 years of solar minimum, none are observed during the next 7.8 years. These features, along with a 30-50 GeV spectral dip which will be discussed in a companion paper, were not anticipated by theory. To understand the underlying physics, Fermi and HAWC observations of the imminent Cycle 25 solar minimum are crucial.
is detected up to ∼30 GeV. Most significantly, we discover a spectral dip between GeV. This dip is unexpected and its origin is unknown. Here we extend the analyses of Refs. [13, 17] by going to higher energies, studying the time variation in a new way, and performing the first analysis of flux variations across the resolved solar disk. In the following, we detail our methodology, highlight key discoveries, and discuss their possible theoretical implications.
The importance of this work is manifold. Because the disk γ-ray emission is brighter and more mysterious than expected, it motivates new searches with Fermi [18] , the higher-energy HAWC γ-ray experiment [19] , and the IceCube neutrino observatory [20] . The results will yield valuable insights on the complex, dynamic solar magnetic environment, from cosmic-ray modulation in the solar system to the fields deep within the photosphere. They will also advance searches for new physics [21] [22] [23] [24] [25] [26] [27] [28] [29] . Most generally, these searches provide the highest-energy data available in the program to understand the Sun as an example of other stars.
Methodology.-We utilize front and back Pass 8 Source events from August 4, 2008 to November 5, 2017 (MET: 239557417-531557417), employing standard cuts. We include events exceeding 10 GeV observed within 0.5
• of the solar center (the Sun's angular radius is 0.26
• ). The excellent angular resolution of >10 GeV γ-rays minimizes the flux lost from our ROI. In Appendix A, we show that using a larger ROI does not affect our results. We remove events observed while the Sun falls within 5
• of the Galactic plane, due to the larger diffuse background. This cut is smaller than in previous work, but is sufficient due to the small ROI. We perform the first conversion of each γ-ray to Helioprojective coordinates utilizing sunpy [30] and astropy [31] . We ignore diffuse backgrounds, which we found in Ref. [17] to be negligible.
We calculate the Fermi-LAT exposure at the solar position in temporal bins of 5000 s (but use precise photon times for recorded events). Within this period, the Sun moves less than 0.1
• in the Fermi coordinate system, and the Fermi-LAT effective exposure is approximately constant. We assume a
FIG. 1. (Top)
The solar disk γ-ray spectrum during solar minimum (before January 1, 2010, blue circles) and after (red squares). Small shifts along the x-axis improve readability. The gray lines show the SSG model renormalized by a factor of six to fit the lowest-energy datapoint (solid), and the maximum γ-ray flux that could be produced by hadronic cosmic rays (dashed). (Bottom) The ratio of the γ-ray flux observed in periods during and after solar minimum.
single effective exposure over the full ROI in each time-bin, and bin the exposure into 32 logarithmic energy bins spanning 10 GeV to 1 TeV. Because the Sun occupies a unique position in instrumental φ-space, we calculate exposures obtained by utilizing 10 independent φ-bins. In Appendix B, we show that the instrumental φ-dependence does not affect our results.
Flux, Spectrum and Time Variation.-In Figure 1 , we show the solar γ-ray flux before and after January 1, 2010, which roughly corresponds to the end of the Cycle 24 solar minimum. We note three key results.
• The γ-ray flux significantly exceeds the SSG prediction (based on a proton interaction probability of 0.5%), in fact approaching the maximum allowed solar disk flux (for a detailed calculation, see Appendix E).
• The 30-50 GeV spectral dip, which we will carefully examine in Ref. [17] , is statistically significant both during and after solar minimum, though there is some evidence (2.5σ) that the dip deepens at solar minimum.
Aside from the dip, the spectra in both time periods are significantly harder than predicted by SSG.
• The strongest time variation is observed between solar minimum (largest flux), and the remaining solar cycle. At low energies this variation is moderate [13, 14, 17] . However, the amplitude increases with energy above 50 GeV, reaching a factor ≥10 above 100 GeV.
None of these observations were anticipated by theory.
Morphology.-The large γ-ray flux suggests that a large fraction of the solar surface participates in the γ-ray emission process. To further elucidate the γ-ray generation mechanism(s), we resolve the γ-ray morphology across the solar surface. This reconstruction is possible at high ( 10 GeV) energies due to the excellent (∼0.1 • ) Fermi angular resolution. In Figure 2 , we show the observed position of γ-rays in our analysis, dividing the data into two temporal bins (before and after January 1, 2010; corresponding to the end of the solar minimum), and two energy bins (below and above 50 GeV; corresponding to the spectral dip discussed in Ref. [17] ). Surprisingly, we find that, contrary to the SSG model, the emission is neither isotropic nor time-invariant. Instead, it includes distinct polar and equatorial components, with separate time and energy dependences. In particular, it is visually apparent that γ-rays above 50 GeV are predominantly emitted near the solar equatorial plane during solar minimum, but are emitted from polar regions during the remaining solar cycle.
We utilize two separate methods to quantify the significance of this morphological shift. The first employs a KolmogorovSmirnov test to differentiate the distribution of γ-rays in observed helioprojective latitude (|T y |) during and after solar minimum. This provides a model independent method of comparing the data, but loses sensitivity to convolving factors such as the instrumental PSF. Below 50 GeV, we find that the event morphology is consistent to within 1.1σ. However, above 50 GeV, we reject the hypothesis that the event morphologies during and after solar minimum are equivalent at 2.8σ. Because this method has few trials, it provides reasonable evidence for a morphological shift.
Second, we define a two-component model of the solar surface, with equal-area equatorial and polar emission components (divided at T y = ±0.108
• ). We fit the flux from each component, utilizing the angular reconstruction of each observed γ-ray (see Appendix F). This correctly accounts for the PSF, but provides results that depend on the assumed emission model. In Appendix G we show that different models produce similar results. This analysis provides two key results.
• At all energies, the γ-ray emission becomes more polar after solar minimum. However, the amplitude of this shift increases significantly at high energies.
• The morphological shift is produced by a significant decrease in the equatorial flux after solar minimum, while the polar flux remains relatively constant.
In Figure 2 , we also plot the polar and equatorial spectra during and after solar minimum. We find that while the amplitude and spectrum of the polar component remains relatively constant, the equatorial spectrum softens substantially after solar minimum. This significantly decreases the highenergy equatorial flux after solar minimum, despite the similar normalization of the equatorial component at low energies. Intriguingly, the equatorial γ-ray spectrum during solar minimum is extremely hard, and is consistent with dN/dE∼E −2 up to energies significantly exceeding 100 GeV. We note that we have combined high-energy spectral bins during solar minimum to provide sufficient statistics.
FIG. 2. (Top)
The location and energy of solar γ-rays in Helioprojective coordinates. Data are cut into two temporal bins and two energy bins. The solar disk is represented by the solid circle, and the 0.5
• ROI by the dashed circle. The average PSF of observed γ-rays is depicted in the top left. The Ty positions of photons are shown in the histogram, and are compared to the profile expected from isotropic emission smeared by the PSF (orange line). The area of event points corresponds to the relative effective area in data taken during (after) solar minimum. In each bin, we report the flux from the modeled polar and equatorial components, as described in the text. (Bottom) The energy spectrum of polar and equatorial emission, divided into regions during (left) and after (right) solar minimum. The polar emission is approximately constant, while the equatorial emission decreases drastically at the end of solar minimum. • of the solar center. Checkmarks indicate events that were recorded as photons in previous Pass 6 and Pass 7 analyses, while the Background contribution indicates the probability that diffuse emission produced the event. Events below the double-line did not pass our default selection criteria, as they were observed when the Sun was located within 5
• of the Galactic plane.
Flux Above 100 GeV.-In Figure 1 , we discovered a bright γ-ray flux above 100 GeV during solar minimum, but found no events in the remaining solar cycle. In Table I , we provide detailed information concerning each >100 GeV event in our analysis. We uncover no significant concerns regarding the event classes, or angular and energy reconstructions.
In particular, all six events pass the UltraCleanVeto event cut, providing the highest confidence that they are true γ-rays. We calculate the probability that each event has a non-solar origin by calculating the γ-ray flux above 100 GeV in each ROI during periods when Sun is not present. We find that diffuse contributions cannot explain these events. The total diffuse γ-ray flux above 100 GeV over the solar path produces ∼0.3 background event over the full analysis period (see Appendix C). Examining each event yields three insights. First, we observe several extremely high-energy events, including three events exceeding 200 GeV, and one event at 470 GeV. This suggests that multi-TeV protons can produce outgoing γ-rays through solar interactions, and that HAWC observations of the upcoming solar minimum may be illuminating.
Second, all six events in our default analysis were observed between November 2008 and November 2009, which is inconsistent with a steady-state hypothesis. We determine the significance of this temporal variability by conducting a Kolmogorov-Smirnov test of the hypothesis that the data is Poissonian in solar exposure. We rule out the steady-state hypothesis at 4.2σ. Noting that the Sun moves through the Galactic plane during solar minimum and that the diffuse contribution along the plane remains negligible above 100 GeV, we unblind the region b < 5
• . This adds two new events above 100 GeV that were also observed at solar minimum and no additional events during the subsequent eight passages of the Galactic plane. Including these events increases the statistical significance for temporal variability to 4.9σ.
Third, we note a peculiar "double-event" occurring on December 13, 2008, when two >100 GeV γ-rays were observed within 3.5 hr. The probability that any two events are this closely correlated is inconsistent with the Poissonian expectation at ∼2.9σ. Intriguingly, the double event occurred during a significant solar-minimum coronal mass ejection event which began on December 12, 2008 and encountered Earth on December 17, 2008 [32-34] .
Interpretation.-We have shown several lines of evidence that reveal two distinct high-energy γ-ray emission components on the solar disk. The first emits primarily from the Sun's polar regions, has a constant amplitude over the solar cycle, and produces no observed flux above 100 GeV. The second emits primarily from the Sun's equatorial plane, has an amplitude that decreases drastically after solar minimum, and has a hard spectrum at solar minimum that extends above 200 GeV.
These results are not explained by the SSG model. The bright γ-rays flux across the solar surface does support the SSG mechanism of cosmic-ray reversal deep within the photosphere. However, the flux, spectrum, time-variation, morphological shift, and spectral dip of solar γ-rays are unexplained. We can qualitative parameterize the solar γ-ray flux as:
where Φ is the disk γ-ray flux, Φ CR is the cosmic-ray flux at the solar surface, C describes the γ-ray flux at energy E γ produced by a hadronic interaction at energy E CR (see Appendix E), f sur is the fraction of the solar surface that produces γ-rays, f turn is the fraction of incoming cosmic rays that are reversed by magnetic fields within the solar photosphere, and f int is the fraction of these cosmic rays that undergo a hadronic interaction and produce outgoing γ-rays before leaving the surface. SSG found solar modulation to be a small effect, implying that Φ CR is similar to the interstellar cosmic-ray flux. SSG assumes that each efficiency term is energy, position, and time independent. In particular, SSG set f sur and f turn to unity, and calculated f int ∼ 0.5%. Our observations instead indicate that these parameters strongly depend on the cosmic-ray energy, solar cycle, and solar latitude. Focusing on solar minimum, these shifts are more remarkable for four reasons. The large flux, within a factor of ∼4 of the maximal value, implies that all efficiency parameters are near unity. The hard spectrum, significantly exceeding the E −2.7 interstellar cosmic-ray spectrum, indicates that these efficiencies rise quickly with energy. The equatorial morphology indicates that polar regions are not emitting efficiently, implying f sur 0.5. Finally, symmetry constrains f int ∼ 0.5, as cosmic rays should undergo equal interactions while entering and exiting the photosphere. These observations produce significant tension with any SSG-like model. This tension motivates us to consider scenarios that violate the assumptions of Eq. (1) and allow for larger γ-ray fluxes. First, cosmic rays may be collected from a larger area than the physical disk. This is suggested by Tibet ASγ observations of the Sun's cosmic-ray shadow [35] , which found that the area of the 10 TeV shadow was enhanced by ∼50% during the Cycle-23 minimum. These effects may be larger at low energies. However, this would further soften the (already too soft) predicted γ-ray spectrum. Second, cosmic-ray capture may not be in equilibrium with γ-ray production, producing periods of enhanced γ-ray emission. However, we find no delay between solar minimum and the enhanced γ-ray flux. Third, cosmic rays secondaries that exit the photosphere in the initial interaction may re-encounter the Sun. However, the total γ-ray production from multiple primary transits is taken into account by SSG, and the extra energy in secondary cosmic rays is only ∼35%. Finally, cosmic-rays may be collected from all angles, while γ-rays are preferentially emitted perpendicular to the solar rotation axis. However, the magnetic field geometry capable of producing this anisotropy is unknown.
One potential insight stems from the two correlated >100 GeV γ-rays observed on December 13, 2008. These events may be connected to a contemporaneous Earth-bound coronal mass ejection (CME) that began on December 12, 2008 and encountered Earth on December 17 [32] [33] [34] . When the γ-rays were observed, the CME had propagated to ∼40 R , implying that the γ-ray emission is not produced through collisions with the low-density ejecta. However, the significant magnetic field enhancements and open field lines associated with CMEs [36, 37] provide locations capable of reversing TeV cosmic rays. Additionally, CMEs occur predominantly along the solar equatorial plane during solar minimum, while they are more isotropic at solar maximum [38, 39] potentially explaining the time variation in the disk γ-ray morphology. However, none of the remaining >100 GeV γ-rays correspond to significant CMEs. Moreover, the covering fraction of CMEs on the solar disk is small, while the bright solar disk flux implies that any mechanism must be active across a large fraction of the solar surface.
Two other phenomena may explain the morphological shifts in our data. The solar γ-ray flux may be enhanced through interactions in helmet streamers, which are the largest closed loops present near active solar regions [40] . Helmet streamers have large magnetic fields and high gas densities that would be capable of trapping and converting highenergy cosmic-rays. Like CMEs, helmet streamers are observed along the solar equatorial plane at solar minimum, but are homogeneous during the remaining solar cycle [41] . On the other hand, the γ-ray flux may be inhibited in regions with coronal holes, which are the open field lines connecting the photosphere to the interplanetary magnetic field. The strong, ordered magnetic fields in coronal holes may prevent cosmicrays from reaching deep into the photosphere. During solar minimum, coronal holes are found in polar regions, while they are primarily equatorial at solar maximum [42] . However, we note that neither of these mechanism can produce a γ-ray flux exceeding the unity efficiency assumed in our maximal model, thus they are likely to be only part of the story.
A New Event!-While finalizing this letter, we found a new >100 GeV event. Observed on February 13, 2018 at 17:49:15 UTC, the event has an energy of 162 GeV, is located 0.36
• from the solar center, passes the UltraCleanVeto event selection, and belongs to the PSF0 and EDISP3 event classes. As we re-enter solar minimum, this is the first >100 GeV event recorded within 0.5
• of the sun since 2009. The event may be connected to a Earth-bound CME observed on February 12, 2018.
1 Preliminary work indicates that this event increases the significance of the >100 GeV time variability above 5σ, and provides evidence that the upcoming solar minimum will provide a substantial flux of high-energy events.
Future Outlook.-We have discovered statistically significant temporal variations in the intensity, spectrum and morphology of solar γ-ray emission. These variations strongly suggest that two distinct components substantially contribute to the total solar γ-ray flux, including (1) a polar component that varies moderately in time and has a γ-ray spectrum that falls sharply around 100 GeV, and (2) an equatorial component with an extremely hard γ-ray spectrum that continues above 200 GeV, but is dominant only during solar minimum. These observations provide important new clues about the mechanisms behind solar disk γ-ray emission, which remains mysterious.
This mystery is deepened by the high intensity and hard spectrum of disk emission. In particular, the solar minimum flux appears to be in tension with the most optimistic predictions from the class of models that convert the interstellar cosmic-ray flux into a time-invariant and isotropic γ-ray flux. If future observations detect emission at even moderately higher energies, a new theoretical mechanism will be necessary to explain the highest-energy solar emission.
Fortunately, observations of the upcoming Cycle 25 solar minimum by both the Fermi-LAT and HAWC will provide valuable information. Preliminary estimates indicate that the Cycle 25 minimum will be even quieter than the already quiet Cycle 24 minimum [43] . The observation of >100 GeV γ-rays during this period will significantly enhance our understanding of high-energy γ-ray emission from the solar disk. One new event has recently been detected. With improved statistics, it will soon become possible to correlate γ-ray events with solar observables, shining light on the magnetic field processes responsible for the high-energy γ-ray flux.
SUPPLEMENTAL MATERIAL
Here, we discuss numerous additional tests of our data analysis techniques and selection cuts. We first focus on systematic issues that could affect the determination of either the >100 GeV solar γ-ray flux or the solar γ-ray morphology (Appendices A-D). We then present an improved calculation of the maximum solar γ-ray emission expected from an SSG-like model (Appendix E). Next, we focus on alternative cuts of the γ-ray data that motivate the temporal and angular cuts utilized throughout the paper (Appendices F-H). Finally, we examine whether the 30-50 GeV spectral dip is confined only to events observed from polar or equatorial regions of the solar surface, but find that the photon statistics are insufficient to make any such statement (Appendix I). In our main analysis, we use a 0.5
• region of interest surrounding the solar center. This cut improves our analysis in two ways. First, it eliminates most of the γ-ray background, because the >10 GeV solar disk flux of ∼2×10 −5 MeV cm −2 s −1 significantly exceeds all but the brightest sources in the γ-ray sky, and additionally because the Sun is physically blocking 25% of the diffuse γ-ray emission within the ROI. Second, the 0.5
• angular cut significantly decreases the flux from the inverse-Compton scattering of solar photons to γ-ray energies. While this component has a similar intensity as solar disk γ-rays, it is extended over ∼10
• . Furthermore, the inverse-Compton component is kinematically suppressed by Klein-Nishina effects across the solar disk. Thus, the choice of a small ROI renders the inverseCompton contribution negligible.
However, this angular cut also eliminates some true solar γ-rays with relatively poor angular reconstructions. The typical point-spread function for γ-ray events exceeding 10 GeV is 0.1
• for front-converting events and 0.3
• for back-converting events. However, this error is non-Gaussian, and the 95% containment radius for back-converting events reaches nearly 1
• . In Figure 3 , we show the γ-ray spectrum calculated using a larger 0.75
• ROI. We find that the solar γ-ray flux is only slightly affected, and the missing photons preferentially inhabit the lowest energy bins, which are not central to our main analyses. We find no trends indicating that the amplitude of these changes is larger in data taken either during or after solar minimum. This confirms that our analysis is resilient to the region of interest chosen for the analysis.
Appendix B: Tests for Instrumental Artifacts
Fermi's solar panels are fixed and remain oriented towards the Sun. Thus, the Sun occupies a unique position in the Fermi-LAT instrumental phase space. The vast majority of solar events are recorded within 3
• of φ = 0, the coordinate that describes the direction normal to the plane of the solar panels. In [17] , we perform two tests to examine the effect of this The ratio between the γ-ray flux calculated using the 0.75
• angular cut and the ratio utilizing our default 0.5
• angular cut. The red upper limit corresponds to a bin where 1 photon is recorded using the larger angular cut, and 0 photons are recorded in the smaller cut. We note that the high-energy γ-ray flux remains almost identical, while the γ-ray flux around ∼10 GeV increases by only ∼20%. These results indicate that our chosen ROI does not significantly affect our analysis.
unique φ-distribution on the energy spectrum of solar events. We first test any φ-dependent feature that is already accounted for in the instrumental response functions, but smeared over in standard analyses (which assume that the exposure is φ-independent). In particular, we grid the instrumental effective area over small portions of the φ parameter space using the hidden phibins parameter in gtltcube. This produces only a 4% change in the overall Fermi-LAT exposure, and a <1% change in the energy dependence of the Fermi-LAT exposure. In the default analysis shown in this paper, we have corrected for this effect by using 10 bins in instrumental φ-space to calculate the Fermi-LAT effective area. We do not repeat the study of alternative φ-binning options conducted in Ref. [17] , as the impact of these choices is negligible. Moreover, the results do not depend on the specific ROI or energy cuts employed in each analysis, and thus the results are identical.
The second test estimates the effect of "unknown" systematic issues in the energy-reconstruction of events recorded near φ = 0 -those which are not accounted for in the Fermi-LAT instrumental response functions. To examine this potential effect, we first extract every γ-ray event exceeding 10 GeV that is located at least 5
• from the contemporaneous solar position (to avoid signal events), but was recorded at an instrumental φ-angle within 3
• of φ = 0. For each γ-ray in this set, we randomly select another "partner" photon above 10 GeV that was observed at a similar position in gcrs coordinates, but
FIG. 4. (Left top)
The energy spectrum of γ-rays above 10 GeV observed at least 5
• from the solar position, but located within 3
• of φ = 0 in Fermi-LAT instrumental coordinates (blue), compared to a "partner" spectrum composed of photons that are nearby in gcrs coordinates but observed in instrumental coordinates exceeding 3
• from φ = 0 (green). (Left bottom) The ratio between these datasets, which show that the spectral reconstruction in different regions of φ-space is compatible with statistical errors. (Right top) -The φ < 3
• events shown in the left-panel, broken down into photons observed before (blue) or after (green) January 1, 2010. The difference in overall amplitude is explained by the much longer observation time (94 months vs 17 months) after 2010. (Right bottom) -The ratio between these datasets, the ∼0.18 average of the data is compatible with the difference in exposures, and no spectral features are observed.
at a φ-value exceeding 3
• from φ = 0. These partner photons are often found within 0.1
• of the original γ-ray in gcrs coordinates, implying that their average γ-ray emission spectrum should be identical. Additionally, we note (from the previous test) that there are no known spectral features in the Fermi-LAT effective area near φ = 0. Thus, the count-spectra of the φ ≈ 0 and "partner" events should be the same. Additionally, in Ref. [17] , we confirm that this analysis technique does not induce any spectral features due to its hierarchical event selection procedure.
In Figure 4 (left) we show a spectral comparison between φ ≈ 0 and "partner" events, finding no statistically significant spectral features that differentiate these datasets. This indicates that neither the γ-ray spectral dip nor the high γ-ray flux above 100 GeV are due to systematic artifacts relating to the instrumental φ-dependence of the Fermi-LAT reconstruction. On the right, we show the spectrum of events observed near φ = 0 divided into two datasets corresponding to events observed before and after January 1, 2010. We find no distinguishing features between these spectra (except for the overall normalization that relates to the longer exposure after January 1, 2010). The combination of these observations argues against any instrumental systematics in the event reconstruction of solar events. We note that in Ref. [17] we do find a systematic issue with an amplitude that peaks at approximately 10% between ∼5-10 GeV for events observed near φ ≈ 0 and partner events. We have found this miscalibration to be due to an increase in the misidentified cosmic-ray background near φ = 0. Our analysis here finds no evidence that this issue persists above 10 GeV.
Appendix C: Background Estimation Using "Fake Suns"
As in Ref. [17] , we now estimate the diffuse γ-ray background and spectrum at the solar position by using an ensemble of "fake Suns" that trail the solar position, but move through the same right ascensions and declinations. We select daily fake Suns that trail the real Sun by 5-360 days. We remove closer fake Suns due to contamination from solar inverse-Compton scattering. Due to the computational difficulty in obtaining the effective area for each fake Sun, we plot our results in terms of the total E 2 dN/dE counts, without accounting for the effective area. In the previous Appendix, we found that there are no unique features in the spectral or temporal evolution of the effective area at the true solar position, indicating that the spectrum of "fake Suns" should be similar.
In Figure 5 we show that there are no significant spectral features at the position of "fake Suns" before or after Jan. 1, 2010. Moreover, we do not find any evidence of a spectral dip between ∼30-50 GeV. We find one low bin at 60 GeV (a higher energy than the dip found for the actual Sun), which is locally significant at ∼2.5σ, but is not globally significant.
We stress that the diffuse flux shown here contributes negligibly to the solar γ-ray flux, which is a factor of ∼100 brighter at high energies. In particular, the 350 fake Suns produce 122 γ-rays above 100 GeV, indicating that the expected diffuse contribution to the >100 GeV γ-ray flux is ∼0.26 events over nine years, after accounting for the 25% of the ROI that is blocked by the Sun itself. Thus, the lack of spectral features at fake Sun positions argues against any systematic effect stemming from the analyses utilized in the paper. FIG . 5. The γ-ray emission from a stack of 355 "fake Sun" positions that trail the Sun by n-days, where 5<n<360 (left). We find no spectral differences during and after the 2010 event selection cut, nor do we find evidence for a spectral-dip between ∼30-50 GeV. We repeat the process for 355 "fake sun" positions that again trail the Sun by 5-360 days, but are shifted in Galactic longitude by either -5
• (middle) or +5
• (right). These cuts show no unexpected behavior. Because it is difficult to calculate the exposure for each fake Sun, the count spectrum is divided by the time-range in months, rather than the exposure. This approximately normalizes the data during and after solar minimum. • of the solar position, but were not reconstructed as γ-rays by the Pass 8 event reconstruction utilized in the main text. We find two events. One was observed during solar minimum, while one was observed near solar maximum. We note that Pass 6 and Pass 7 events do not cover the full time-range of our analysis, as event reconstruction ended in August, 2011 and June, 2015, respectively. The first event was also found in Pass 6, while the second lies outside the Pass 6 time window.
Appendix D: Pass 6 and Pass 7 Data
Due to the small number of solar γ-rays above 100 GeV, it is worth examining events that did not make our standard analysis cuts. In the main text, we unmasked the region |b| < 5
• , finding two additional events above 100 GeV that were observed during solar minimum. Here, we examine events that did not pass the Pass 8 Source event cuts, but were recorded as source-class events in Pass 6 or Pass 7.
In Table II , we list the two events recorded in Pass 7 data. One event was observed during solar minimum, while one was observed near solar maximum. Including these two events in our analysis would slightly increase the statistical significance of temporal variability, though this is hard to quantitatively measure because the effective area differs between Pass 7 and Pass 8. We note that the first event was also recorded in Pass 6, while the second event was recorded after Pass 6 reconstruction ended. We additionally note that Pass 7 reconstructions ended in June 2015, before the end of our analysis.
Appendix E: Calculation of the Maximum Solar Flux
Here, we describe our calculation of the maximum solar disk flux, assuming a solar disk emission mechanism identical to that posited by SSG (and roughly described in Equation 1). We first note that the maximum flux from the solar disk can be roughly approximated by taking the SSG model, which assumes f sur = 1.0, f turn = 1 and f int = 0.005 and multiplying by 200. This would describe a scenario where every incoming γ-ray that encounters the solar surface has its direction reversed by solar magnetic fields, and then subsequently converts the entirety of its cosmic-ray energy to γ-rays (and neutrinos) that are not further attenuated by the solar photosphere. However, this scenario is not realizable, in part because the f int is calculated utilizing an optical depth that depends sensitively on the incoming cosmic-ray angle. For cosmic-rays that are incident at angles perpendicular to the solar surface, the optical depth already exceeds 1 in the SSG model, indicating that the γ-ray emission from these cosmic-rays cannot be boosted further.
Here, we produce a very conservative upper limit on the γ-ray flux from cosmic-ray interactions in the solar photosphere, which we have shown in Figure 1 and Figure 3 . This calculation closely follows the methods of SSG (and provides similar results). However, we detail this calculation for three reasons: (1) to provide clarity concerning the limit shown in this text, (2) to update the interstellar cosmic-ray fluxes and cosmic-ray shower physics to better reflect current data, (3) to formally extend the calculation to TeV energies (SSG ended at a γ-ray energy of 5 GeV, although an extrapolation is possible).
We include an initial flux of both cosmic-ray protons and helium, which provides an important enhancement due to the larger nuclear cross-section [15] . We conservatively assume that all incoming cosmic-rays are efficiently turned by solar magnetic fields before any hadronic interactions begin, and thus no cosmic-ray energy is lost in the turning process. Fractions are expressed such that the polar and equatorial fluxes sum to unity. Simulated data are taken from 10 Monte Carlo simulations for each injected polar fraction, and the data is divided into emission before and after January 1, 2010, as well as below and above 50 GeV, as in the main text. We utilize two extremal models for the true morphology of solar γ-rays. The first (left) includes polar (equatorial) components that emit isotropically outside (inside) the |Ty| < 0.108
• cut employed in our analysis. The second (right), includes a polar component that emits only from the solar poles, and an equatorial component that emits only along the equatorial plane. In both cases, we find that the temporal shift from equatorial to polar emission is statistically significant above 50 GeV, but is only marginally significant at lower energies.
We then set up a GEANT4 simulation [44] to calculate the outgoing γ-ray flux from an incoming cosmic-ray flux encountering photospheres of varying optical depth, and fit the optical depth to maximize the outgoing γ-ray flux. Thus, this calculation assumes that cosmic-rays encountering the solar surface at any pitch angle encounter the optimal amount of solar material needed to maximize the outgoing γ-ray flux. Furthermore, we note that this simulation naturally takes into account effects such as γ-ray production from secondary cosmic-rays, and γ-ray absorption by the remaining photosphere. We find the optimal grammage to be ∼130 g cm −2 , which translates to a proton optical depth of τ ∼ 2.3. We find that this (extremely conservative) calculation produces a maximum upper limit that exceeds the standard SSG prediction by a factor of ∼100, slightly smaller than the factor of 200 enhancement unrealistically calculated by naively using the SSG prediction and setting f int = 1.0.
Appendix F: Morphological Modeling
In Figure 2 , we used the reconstructed positions of γ-rays in helioprojective coordinates to determine the fraction of the solar γ-ray emission produced by polar and equatorial regions across the solar surface. In this appendix, we describe the process in more detail and verify our analysis utilizing mock signals with known polar and equatorial components.
Our morphological analysis proceeds as follows. We decompose the solar surface into an "equatorial" region defined by |T y | < 0.108
• , and a "polar" region that fills the remaining solar surface. These regions occupy an equal area of the solar surface (though we note that our analysis does not require the area in each region to be equivalent). For computational simplicity, we randomly populate each emission region with 3000 "point" sources of equivalent luminosity to approximate a diffuse emission component. For every γ-ray in our data sample, we utilize information regarding its energy, psf-class and observed θ-angle to calculate the double-King function PSF described in the Fermi-LAT Cicerone 2 . Utilizing this information, we calculate the relative probability that a each observed γ-ray came from all 6000 point source locations.
We then convolve the relative diffuse contributions over all observed γ-rays to produce a best-fit model of the total flux from the Sun's polar and equatorial regions. In particular, we maximize the function i (α pol P pol,i + α eq P eq,i ), where P eq and P pol are the probabilities that the ensemble of points in each distribution can produce an observed event i, while α eq and α pol are the global parameters that describe the bestfitting fraction of the total polar and equatorial emission. The product is taken over all observed γ-rays. Because these two components are assumed to produce the entire solar emission, we constrain α eq = 1-α pol . We utilize a Multinest scan, beginning with a flat Bayesian prior of 0< α pol <1.
To determine the accuracy of this procedure, we produce a Monte Carlo analysis using mock photon samples in each energy and temporal bin utilized in our main analysis. Specifically, for each energy and temporal cut, we produce a fake sample of photons with a photon count that is identical to observations, a photon spectrum which falls as E −2 within each bin, and a θ-distribution that is biased as θ, and a random selection of photon counts from each PSF-class. This approximately matches the distribution of γ-rays expected for real events, but is somewhat conservative both because the θ-distribution is broader, and the PSF-distribution is slightly biased towards poorly reconstructed events. For each model event, we produce a true solar γ-ray direction, and then choose a random observed location that depends on the photons individual PSF, as calculated above.
For each energy and temporal bin, we produce 10 Monte Carlo realizations for 11 different injected distributions of polar and equatorial emission, which we scan in 10% steps from 100% polar emission to 100% equatorial emission. We note three important facts: (1) this ratio is imposed on the relative flux, and not on the observed photon count. The Poisson fluctuations in the relative photon count (e.g. for the 16 γ-rays that were recorded during solar minimum and above 50 GeV) actually dominates the error budget in our reconstruction, (2) while we utilize models for the polar and equatorial emission components that are isotropic in their respective ROIs, we do not know how the "true" emission morphology is biased within each component. We assume two extremal cases. In the first, we assume that the true underlying γ-ray morphology reflects our model, that is, the true polar emission is isotropic across the solar disk in regions with |T y | > 0.108
• , while the "equatorial" emission component is isotropic for smaller values of T y . This model is conservative, because there is no biasing of the emission component away from its boundaries. In the second model, we assume an extremal scenario where the true "polar" emission is produced only at the north and south poles, while the true "equatorial" emission is produced only along the solar equatorial plane.
In Figure 6 , we show the results from our Monte Carlo simulations, finding that our model can distinguish between polar and equatorial emission with a high degree of statistical significance. In general, we find uncertainties of ∼20% in the reconstructed polar fraction for photons above 50 GeV, and uncertainties of approximately 10% for photons from 10-50 GeV. The smaller uncertainties at lower energies stem from the much larger photon count in this energy range, which decreases the Poisson fluctuations in the number of counts observed from the true polar and equatorial emission components. We show (as a vertical line), the reconstructed polar fraction for the observed solar data -finding that no single "true" underlying polar fraction can explain the observed data taken both during and after the solar minimum. This verifies the key result shown in the main text -that the transition from a primarily equatorial γ-ray morphology during solar minimum, to a primarily polar γ-ray morphology during the remaining solar cycle -is real.
We do note that the uncertainties in the reconstructed polar and equatorial fluxes exceed the statistical uncertainties for a single realization of the data (and reported in the main text). This is primarily due to the large Poissonian errors present in the low-photon count regime. Continued observations by the Fermi-LAT (in particular during the next solar minimum) will significantly decrease these errors, allowing us to more accurately probe the underlying morphology. Finally, we note that while our first model of the underlying photon emission morphology (left) is relatively bias free, the extremal emission model (right) shows a slight (5%) bias towards polar emission. This effect is negligible compared to the observed shifts in the flux ratio at both low and high energies. Table III , for an alternative morphological model that includes the default equatorial component, but divides the polar component into two independent northern and southern components. We find that this model is qualitatively consistent with our default analysis. In particular, it finds a significant decrease in the equatorial flux after solar minimum -and finds that the amplitude of this shift increases significantly at high energies. Additionally, the model finds no indication of time or spectral variations in either polar component. We find no statistically significant evidence for a north-south equatorial split in any of the temporal and energy bins shown here. While a north-south split in data taken before January 1, 2010 at energies above 50 GeV in Figure 2 is striking to the eye, we find the statistical significance of this feature is below 2σ.
Appendix G: Alternative Morphological Models
In Figure 2 , we showed that the solar disk γ-ray emission can be broken down into equatorial and polar components, and that the intensity of equatorial emission greatly decreases at the end of solar minimum, while the polar emission component remains relatively constant. However, we note that the choice to divide the data into "equatorial" and "polar" models was made heuristically, and additional morphological models may contribute to the observed γ-ray data.
Here, we test two additional, well-motivated models. Our first model includes both the equatorial and polar components defined in the main text, but adds both a "limb" component, which emits photons with radial symmetry at an angular distance of θ Sun ∼ 0.26
• from the solar center, and a "background" component, which has a constant surface brightness over the remaining 0.5
• ROI that is not blocked by the sun. The limb model physically corresponds to emission produced when cosmic-rays directed towards Earth hit solar gas in an optically thin region, producing γ-ray emission beamed towards Earth. The "background" model corresponds to γ-ray point sources and diffuse emission near the Sun. It also approximately accounts for the contribution of solar inverseCompton scattering γ-rays. While these are not isotropic, they are suppressed by Klein-Nishina effects across the solar disk, and peak in intensity immediately outside the disk.
In Table III , we calculate the contribution of each emission component to the solar γ-ray flux, utilizing the standard temporal and energy cuts employed throughout this paper. We find that, even though all four emission components are allowed vary freely, the polar and equatorial emission components continue to produce the majority of the observed flux, while the limb and background components are subdominant. This validates our utilization of a polar and equatorial models in our default analysis. We note that the background component, in particular, is often compatible with 0, validating our choice to disregard the contribution of diffusion emission in the main text. We note that this result is also validated by our analysis of fake-Sun positions in Appendix C. Most importantly, we find that our quantitative conclusions regarding the temporal variation in the equatorial emission component and the steady-state nature of the polar emission remain consistent in this model. This provides evidence that our standard model is resilient to reasonable changes in the choice of morphological models. In fact, we find that the amplitude of the time-variation in the equatorial component increases in this alternative model, as some fraction of the post-2010 equatorial emission shifts into the limb component. Unfortunately, our statistical sample is not large enough to make any strong statement regarding this trend.
In Table IV , we show a second alternative morphological model, which includes the same equatorial component as our main analysis, but splits the polar emission into "north" and "south" components that are normalized independently. This model is motivated by the absence of >50 GeV γ-rays observed in the southern disk before January 1, 2010. We again find that this model qualitatively recovers all key conclusions from the main text, including the temporal and spectral variation in the equatorial component, and the steady-state nature of both polar components. While our model does indicate that the northern polar flux exceeds the southern polar flux above 50 GeV during solar minimum, we find that this is only statistically significant at ∼1.5σ locally. Because we have tested several time and energy bins, we additionally take a trials factor. We conclude that there is no statistically significant feature that separates northern and southern polar emission in our model. FIG. 7 . The γ-ray flux in our ROI binned into 1.5 yr increments spanning our analysis period (the last bin is slightly longer). Between 10-50 GeV, the γ-ray flux peaks during solar minimum, but declines both moderately and smoothly towards solar maximum, in agreement with [17] . However, at higher energies, the γ-ray flux drops sharply from solar minimum to the remaining solar cycle.
Appendix H: Analysis Before and After the Heliospheric Flip
In our default analysis, we assumed that the intensity of the solar magnetic field dictates the amplitude, spectrum and morphology of the solar disk γ-ray flux. This choice is motivated by the peculiar time variation of solar γ-rays above 100 GeV. However, alternative temporal cuts are possible, and may be motivated by known solar processes. One mechanism capable of producing a temporal shift in the solar γ-ray flux and morphology is the orientation of the large-scale heliospheric magnetic field (HMF). The HMF follows a 22 year cycle, with polarity reversals every 11 years during the solar maximum. The HMF propagates throughout the solar system, carried by the heliospheric current sheet. In particular, Voyager observed polarity changes in the HMF in the outer solar system [45] .
During periods of positive (A>0) polarity, positively charged cosmic-rays primarily diffuse to Earth through polar regions, while during periods of negative (A<0) polarity, positive cosmic-rays primarily drift across the heliospheric current sheet, where particle diffusion is highly constrained [46] . At lower (<10 GeV) energies, the decreased propagation efficiency across the heliospheric current sheet results in increased solar modulation, which is observed at Earth by instruments like PAMELA and AMS-02 [46, 47] .
While the strength of the HMF near Earth is insufficient to affect TeV cosmic-rays, it is worth considering whether this large-scale field could affect higher-energy cosmic-rays once they propagate closer to the Sun. In Figure 7 , we test this possibility by plotting the solar γ-ray flux in 1.5 yr increments. At both low and high energies, the γ-ray flux is largest at solar minimum and declines thereafter. However, the amplitude of these variations is not consistent. At low energies, the total FIG. 8. Same as Figure 1 , but using temporal cuts that isolate the emission before and after the heliospheric magnetic field flip. Because the flip is not instantaneous, we use data from January 1, 2010 -August 10, 2012 before the flip, and January 15, 2014 -November 5, 2017 after the flip. We find no evidence for spectral or intensity changes between these periods. We note that no events >100 GeV are observed in either period, rendering the ratio ill-defined.
γ-ray flux decreases moderately and smoothly -and begins to rise as we again approach solar minimum. At high-energies the γ-ray flux drops precipitously between solar minimum and the remaining cycle. The high-energy flux outside of solar minimum appears constant, though we note that the statistical uncertainty becomes large.
In Figure 8 , we plot the γ-ray spectrum before and after the HMF polarity flip. We first remove two periods: (1) data taken during the solar minimum, to eliminate contributions from the low magnetic field during this period, and (2) data taken during the polarity flip, when the polarity is poorly defined. While the exact beginning and end of the field reversal is poorly defined, we choose August 10, 2012 to January 15, 2014 [48] . This leaves us with 31 (46) months of exposure in the before (after) the polarity flip. While the statistical significance of this sample is poorer, we find no evidence for intensity or spectral variations before and after the polarity flip, indicating that it has a small effect on the γ-ray emission.
Finally, while the HMF does not significantly affect either the amplitude or spectrum of solar γ-rays, it may still affect its morphology by producing anisotropies in the incoming cosmic-ray flux. In Figure 9 , we show the morphology of solar γ-ray emission before and after the magnetic field flip, following the standard methodology to differentiate equatorial and polar emission. We find no evidence for any significant shift in the γ-ray emission morphology before and after the magnetic field flip. This argues against any large-scale magnetic field contribution to the morphology of the solar disk γ-ray flux. Figure 2 (bottom), except that we do not divide the dataset into temporal periods during and after the solar minimum. For each datapoint, we utilize our standard analysis package to deconvolve the data into polar and equatorial components, to determine any independent spectral signatures of polar and equatorial emission. We find that the spectral dip appears present in both γ-rays observed near the solar equatorial plane as well as γ-rays observed near the Sun's polar regions.
FIG. 10. Same as

Appendix I: Morphology of the 30-50 GeV Spectral Dip
In this paper, along with our work in Ref. [17] , we have identified both the presence of a significant spectral dip between the energies of 30-50 GeV, as well as a significant morphological shift from polar to equatorial γ-ray emission after solar minimum. It is natural to wonder whether these two feature are linked, in particular whether the spectral dip is found only for photons interacting in specific solar regions.
We note that previous analysis should provide insight into this question. In Figure 1 , we split the γ-ray emission into two temporal bins during and after the solar minimum, finding that the spectral dip was present in events both during and after the solar minimum. Moreover, in Figure 2 (bottom), we showed that the spectral dip to occur in both polar and equatorial emission components. These findings both suggest that the spectral dip is unconnected to the polar or equatorial nature of the solar emission. Unfortunately, in both cases the photon statistics are relatively poor (primarily due to the very low photon count within the dip), thus we attempt to analyze a larger sample to test this possibility.
In Figure 10 , we attempt this measurement again, but combine all γ-rays into a single temporal bin to increase the event statistics. We find that, in this larger event sample, the 30-50 GeV spectral dip is still clearly identified in events from both polar and equatorial regions. We note that the dominance of polar emission over the full energy-range stems from the much longer period (7.5 years) of observations outside of solar minimum, compared to the 1.5 years of solar minimum activity. These observations indicate that the 30-50 GeV spectral dip may be a new phenomenon that is unconnected to the solar minimum cycle itself.
